I. INTRODUCTION
Adsorption of polymers on solid surfaces plays an important role in many technological and scientific applications including adhesion, 1 chromatography, 2 nanoscale patterning, 3 biomedical implant modification, 4, 5 etc. In order to exploit these applications, it is important to understand how polymers organize in the vicinity of surfaces. Most surfaces in nature are physically or/and chemically heterogeneous and many polymers are typically composed of two or more types of monomers arranged in a specified sequence ͑diblock, triblock, or alternating copolymers͒ or a random sequence. Therefore, studying the adsorption of heteropolymers on heterogeneous surfaces is useful in describing real world situations.
There have been many experimental efforts aimed at understanding how chemically heterogeneous patterns on surfaces induce ordering in adsorbed block copolymers. [6] [7] [8] [9] [10] [11] [12] Rockford et al. 8, 9 studied adsorption of polystyrenepoly͑methyl methacrylate͒ ͑PS-PMMA͒ block copolymers on surfaces containing alternating stripes of gold and silicon oxide. The PS-PMMA block copolymers formed ordered lamellar microdomains oriented perpendicular to the surface with the PS domains covering the gold stripes and the PMMA domains covering the silicon oxide stripes. Rockford et al. 8, 9 and Kim et al. 10 also found that the influence of the surface pattern on the lamellar ordering and orientation of adsorbed polymers is strongly dependent on the degree of commensurability between the polymer length and the stripe widths. Yang et al. 11 found that when the width of the surface pattern is much greater than the bulk lamellar period of the block copolymer then the lamellae orient parallel to the surface and replicate the underlying substrate pattern into the bulk. However, when the width of the surface pattern is commensurate with the bulk lamellar period of the block copolymer, the lamellae orient perpendicular to the substrate. Heier et al. 12 investigated the behavior of symmetric poly͑styrene-2-vinylpyridine͒ ͑PS-PVP͒ block copolymer thin films on patterned substrates formed using microcontact printing that had alternating stripes of H 3 C-and HO-terminated selfassembled monolayers ͑SAMs͒. They found that the energy required to form islands of PS-PVP is different for each surface stripe. Since the H 3 C-terminated SAM domains are energetically more favorable for the formation of islands than the HO-terminated SAM domains are, PS-PVP forms islands over the H 3 C-terminated SAM domains. In addition to the experimental work mentioned above, theory and simulation have been used to shed light on the organization of block copolymer bulk on patterned surfaces. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] Petera and Muthukumar used mean-field theory 13 and self-consistent-field theory 14 to show that the orientation of the lamellae formed by diblock copolymer depends on the ratio of the substrate pattern period ͑L͒ and the radius of gyration of the diblock copolymer ͑R g ͒ in a disordered melt. When R g / L ϳ ͱ͑2 ͱ 3͒ /2, the surface pattern period and the lamellar period are commensurate and the lamellae align perpendicular to the surface. Genzer used a three-dimensional ͑3D͒ self-consistent-field model to investigate the adsorption of copolymers from a copolymerhomopolymer mixture [15] [16] [17] onto a heterogeneous surface composed of two chemically different regions arranged either in checkerboard or random patterns. He demonstrated that if heteropolymers recognize the patterns on the hetero-geneous surface, they can transcribe the pattern from the surface into three dimensions. Semler and Genzer used the bond fluctuation model and Monte Carlo simulations to study the effect of domain size 18 and interaction potential 19 on adsorption of diblock and alternating copolymers on chemically heterogeneous surfaces. The block copolymers recognize the surface pattern and transfer it to the bulk if the size of the adsorbing surface domain is commensurate with the parallel component of the radius of gyration of the block copolymers. The alternating copolymers recognize chemical patterns of sizes much smaller than the R g,ʈ , the radius of gyration parallel to the surface of the copolymer. As the strength of attraction between the block copolymer and surface increases, the extent to which the pattern is transferred to the bulk remains unaffected. As the strength of attraction between the alternating copolymer and surface increases, the pattern transferred into the bulk at increasing distances from the surface resembles an inverted surface pattern. Jayaraman et al. developed a simulation method recently to design surfaces for recognizing specific monomer sequences in copolymers. 20 For copolymers with less blocky sequences, the designed surfaces recognize the correct sequence well when the segment-surface interactions dominate over the intersegment interactions. For copolymers with more blocky sequences, recognition is good when the segment-surface interactions are only slightly stronger than the intersegment interactions. Using a theoretical model, Kriksin et al. also found that when copolymers made of short blocks adsorb on heterogeneous surfaces, marked pattern recognition is possible at high polymer/surface attraction. 21 All of the work done so far has dealt with understanding how the pattern on the heterogeneous surface gets recognized and propagates through the copolymer film. Here we attempt to understand how a pattern applied in the copolymer film at a certain distance from the surface propagates through the adsorbed film onto the adsorbing heterogeneous surface. Ultimately we intend to determine what surface pattern is required to induce a desired pattern in the adsorbed polymer film.
We use lattice Monte Carlo simulations to explore how the length of the diblock copolymer, size of the patterns ͑checkerboard͒, and the distance from the surface where the pattern originally exists affect the extent of pattern transfer through the adsorbed layers to the surface. A study of how a diblock copolymer film transfers patterns with sizes on the order of the copolymer length scale through the adsorbed layers could help us understand how to form unique nanoscale structures which in turn would be useful in nanolithography and the development of photonic devices. 6, 7 Our system consists of symmetric AB diblock copolymers adsorbing onto a flat, chemically heterogeneous surface containing two types of sites: 1 and 2. Our approach comprises several steps. First we bias the copolymer bulk to adopt a target pattern at a specified distance from the surface. Then we let the surface reorganize itself in response to the pattern in the copolymer bulk. We achieve this by switching the identities of sites on the surface and performing chain moves during the simulation with an acceptance criterion that minimizes the energy and biases the adsorbed layers to maintain the target pattern at the desired distance from the surface. We consider an attractive potential between like copolymer segments ͑A-A and B-B͒ and an attractive potential between the surface sites and copolymer segments ͑A-1 and B-2͒. These potentials favor the transfer of the target pattern through the different adsorbed layers to the surface and help the surface to adopt a pattern commensurate to the target pattern. The more the surface resembles the target pattern, the higher the extent of pattern transfer through the adsorbed layers. We study three different chain lengths ͑12, 18, and 24͒ and three different pattern sizes ͑checkerboard pattern of sizes 6 ϫ 6, 12ϫ 12, and 24ϫ 24͒. The pattern is applied at three different distances from the surface ͑zЈ = 1, 2, and 3͒. We also compare each of these systems with the case when no pattern is applied while all other parameters are maintained the same. When no pattern is applied in the adsorbed layers, the copolymer chains are free to attain their natural conformations. We do this comparison to understand why a certain pattern size gets transferred to the surface better than the other patterns.
The highlights of our results are the following. As we increase the distance from the surface where the target pattern is applied, the pattern transfer to the surface decreases for all patterns and all chain lengths. For a constant pattern size, the pattern transfer to the surface increases as the chain length increases. For a constant chain length, the patterns that help the chains attain energies close to the case when no pattern is applied get transferred to the surface well. To test if we can use the designed surfaces from this stage and induce the target pattern back in the adsorbed layers of a new copolymer bulk, in the next stage we let a new copolymer bulk in a random configuration adsorb onto each of these "designed" surfaces. For all the pattern sizes and chain lengths considered, we do not see the transfer of the surface pattern back to the adsorbed layers and the copolymer chains form other energetically favorable patterns.
Section II introduces the simulation technique. Section III describes the application of this method to a system of block copolymers to learn how variations in copolymer chain length, target pattern size, and distance from the surface at which the pattern is applied affect the extent of pattern transfer from the bulk to the surface. A brief summary of our conclusions is given in Sec. IV.
II. MODEL AND METHODS

A. Simulation technique
We use lattice Monte Carlo ͑MC͒ simulation, which has the advantage that it is computationally fast and yet provides a good description of the large scale conformational features of polymer chains. Each MC simulation is performed on a cubic lattice in the NVT ensemble, i.e., the total number of monomers in the simulation box, the volume of the simulation box, and the temperature of the system are fixed. The simulation box has periodic boundary conditions in the x and y directions. The dimensions of the simulation box in the x, y, and z directions are 48, 48, and 12, respectively. In the z direction, there is an athermal surface at z = 13 and an adsorbing surface at z =0.
A system of symmetric diblock copolymers is in contact with a heterogeneous surface located at z = 0. The diblock copolymers contain two types of segments: A and B. The AB diblock copolymer chains are modeled as self-avoiding walks on a cubic lattice. The surface contains two types of sites, 1 and 2. The values of the segment-segment interaction potentials, ⑀ AA , ⑀ BB , and ⑀ AB , and the segment-surface interaction potential, ⑀ A1 , ⑀ B1 , ⑀ A2 , and ⑀ B2 , are assigned such that ⑀ AA , ⑀ BB , ⑀ A1 , and ⑀ B2 are all negative ͑implying attractive potentials͒ and ⑀ AB , ⑀ A2 , and ⑀ B1 are zero. Attractive segmentsurface interactions, ⑀ A1 and ⑀ B2 , cause the chains to adsorb on the surface. Attractive segment-segment interactions, ⑀ AA and ⑀ BB , cause the adsorbed chains to pull other chains towards themselves leading to dense adsorbed layers near the surface. The segment-segment interaction potential is short ranged; it only affects nonbonded nearest neighbors. The segment-surface interaction potential is also short ranged, acting only between the sites on the adsorbing surface ͑z = 0 plane͒ and the segments that are on the plane adjacent to the adsorbing surface ͑z = 1 plane͒.
The volume fraction ⌽ of the AB diblock copolymer segments in the simulation box is 0.35. The interaction potentials are taken to be ⑀ A1 = ⑀ B2 = −1.33kT and ⑀ AA = ⑀ BB = −0.6kT. These interaction potentials were chosen to be strong enough to cause the chains to adsorb onto the surface yet weak enough to avoid ordering or segregation of adsorbed chains. Having strong interaction between the copolymer segments and the surface helps the copolymer chains to overcome the entropic penalty associated with coil formation during adsorption.
We design the surface by interchanging the positions of the surface sites over the course of the simulation. This is accomplished by generating moves that switch the identity of the different sites on the surface in response to a target function that specifies the target pattern at a particular layer in the bulk. The target patterns in this paper are checkerboards of alternating regions of segments of type A and type B. In addition to the surface site switches, we move the segments on the chain using the standard chain moves: kink jump ͑25%͒, crankshaft ͑25%͒, and reptation ͑50%͒. The type of move and chain and segment numbers along the chain are all picked randomly. In one Monte Carlo step ͑MC step͒ we make N chains ϫ N beads trials, where N chains is the number of chains in the simulation box and N beads is the number of segments in each chain. The acceptance criterion for the chain moves and the surface site switches are based on a modified Metropolis algorithm derived from reverse Monte Carlo acceptance criterion. [25] [26] [27] The chain moves or site switches are accepted with a probability P acc given by
where the subscript old signifies the present state of the system, the subscript new signifies the new state of system after the chain move or site switch has been attempted, U is the energy of the system, ⌫ is the deviation from the target pattern ͑defined below͒, T is the temperature of the system, and T ⌫ is an effective temperature that is used to weight the importance of target function fitting versus energy minimization. The energy U is calculated by summing up all of the nonbonded segment-segment and segment-surface interactions. The deviation from the target pattern ⌫ is calculated according to
where ͑x , y͒ = 1 if the type of segment ͑A or B͒ present at ͑x , y͒ during the simulation does not match the type of segment at ͑x , y͒ in the target pattern, and 0 otherwise, and L x L y is the area of the plane. The value of ͑x , y͒ is calculated only for the layer zЈ where the target pattern is applied. The summation on ͑x , y͒ is over all the ͑x , y͒ coordinates in layer zЈ and is a measure of how well layer zЈ resembles the target pattern. We divide the summation by the area of the plane, L x L y , to scale the deviation between 0 ͑no deviation͒ and 1 ͑maximum deviation͒. Thus the term ͑⌫ new − ⌫ old ͒ in the acceptance criterion ͑1͒ has the effect of minimizing the deviation from the target pattern. In our simulations, we choose T ⌫ / T = 0.001 in order to weigh the energy minimization term ten times more than the target function fitting term, as the energy minimization term has a magnitude of the order of 10 0 and the target fitting term has a value of the order of magnitude 10 −4 . When no target pattern is applied, the term denoting the deviation from target pattern ⌫ is always zero. In that case, the acceptance criterion depends only on energy minimization and is given by
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The simulation proceeds in the following manner. For convenience, the initial configuration of the surface is an alternating sequence of 1 and 2 sites. The initial configuration of the chains is obtained by first placing "head" segments for all chains on random locations on the lattice. The second segments are placed on sites adjacent to the head segment on each of the chains, one by one. The third segments are placed on sites next to the second segment, one at a time, and this is repeated until the chains are all grown to the desired length. During this process, if there is no vacant site for adding a segment onto one end of the chain, the segment is added to the other end of the chain. If adding the segment to either end fails ͑because there is no vacant site͒, then the chains are moved in the box ͑using reptation, kink jump, and crankshaft moves͒ until a vacancy next to the chain in question is created.
For simulations, in which the target pattern is applied, there are three stages: initialization, equilibration, and production. In the initialization stage the system runs through 100 000 MC steps moving the chains in the box with the segment-segment and segment-surface interactions switched off; the target pattern is not applied and the site switches are not attempted. This stage helps us avoid any bias that might arise due to the nature of the initial configuration of the chains. In the equilibration stage, the segment-segment and segment-surface interactions are switched on, the target pattern is applied at the specified distance from the surface, and the chain segments are subjected to the usual assortment of moves with the site switches still turned off. During this stage a fraction of the polymers adsorb on the initial surface. Once the fraction of adsorbed segments reaches a certain value ͑2% of the segments in the system are adsorbed͒, the "production" stage or "design" stage starts. In the production stage the system goes through 8 ϫ 10 6 MC steps, during which the standard chain moves are made, the target pattern is still applied at the specified distance from the surface, and the sites 1 and 2 are subjected to identity switches. We obtain data every 1000 MC steps and calculate the averages of the properties described in Sec. II B. We take averages obtained from ten trials and compute the standard deviations. At the end of the simulation we analyze the pattern of sites 1 and 2 on the designed surface to determine the extent to which the pattern has been transferred from the adsorbed layers to the surface.
For the simulation involving no target pattern there are two stages: initialization and equilibration. The initialization stage is the same as mentioned above. In the equilibration stage, the segment-segment and segment-surface interactions are switched on, the chain segments are subjected to the MC moves, and the site switches are turned on; the target pattern is not applied. At the end of the simulation the copolymers in the adsorbed layer attain their energetically favorable conformations.
B. Adsorption features
To characterize the adsorption process, we monitor various properties of the system as a function of the number of MC steps. These include the extent of adsorption, as measured by the number of adsorbed segments of type A and B, and the conformation of the chains near the surface during the adsorption process. The conformations of the adsorbed chains can be inferred from a contour plot depicting ␣, the fraction of chain length adsorbed, and ␤, the ratio of the number of adsorbed segments on top of type 1 sites to the total number of adsorbed segments. An example of such a contour plot is given in Fig. 1 . The plot in Fig. 1͑a͒ represents a system where most of the chains are adsorbed either in a flat conformation or in a loop conformation. The plot in Fig. 1͑b͒ depicts a situation where most of the chains are adsorbed in brush conformations. The rationale for this identification is the following. If a large fraction of chains are adsorbed in loop conformations, most of the segments will be extended from the surface with only a few segments lying in the z = 1 layer, implying that ␣ ഛ 0.5; due to symmetry of the copolymers, equal numbers of adsorbed segments will lie on top of type 1 and type 2 sites, implying that ␤ = 0.5 ͓re-gion I in Fig. 1͑a͔͒ . If a large fraction of chains are adsorbed in flat conformations, most of the segments will lie in the z = 1 layer, implying that ␣ Ͼ 0.5; due to the symmetry of the diblock copolymers, equal numbers of adsorbed segments will lie on top of type 1 and type 2 sites, implying that ␤ = 0.5 ͓region II in Fig. 1͑a͔͒ . If a large fraction of chains are adsorbed in brush conformations, a small section of each chain ͑all of the same segment type͒ will be adsorbed on the surface ͑␣ Ͻ 0.5͒ and the adsorbing segments of types A and B will likely adsorb on their preferred sites ͑since the segment-surface interactions ⑀ A1 and ⑀ B2 are attractive͒ making ␤ ӷ 0.5 ͓region III in Fig. 1͑b͔͒ or ␤ Ӷ 0.5 ͓region IV in Fig. 1͑b͔͒ .
C. Calculation of the extent of pattern transfer
In order to quantify the extent of pattern transfer we introduce a pattern transfer parameter PTP. [15] [16] [17] The PTP of the copolymer at height z from the surface is defined as PTP͑z͒ = PTP A ͑z͒ + PTP B ͑z͒, ͑4͒ When we apply the pattern at zЈ, we calculate the PTP at all layers below zЈ to the surface. For example, when the pattern is applied at zЈ = 3 we calculate PTP͑z =0͒, PTP͑z =1͒, and PTP͑z =2͒ and, by doing so, we can observe the pattern transfer through the adsorbed layers.
III. RESULTS AND DISCUSSION
When a target pattern is applied, the extent of pattern transfer is expected to be affected by the length of the copolymers, the distance from the surface where the target pattern is applied, and the size of the target pattern. In this section, we present and discuss the results from our simulations, showing the effect of variation in each of these parameters on the extent of pattern transfer. We consider chains of length 12, 18, and 24; checkerboard patterns with sizes 6 ϫ 6, 12ϫ 12, and 24ϫ 24; and target patterns at distances from the surface of zЈ =1, zЈ = 2, and zЈ = 3. For each of the chain lengths considered we compare the cases when a target pattern is applied to the case when no pattern is applied and the copolymers are free to attain their natural conformations. This helps us to ͑1͒ understand why a certain target pattern is transferred to the surface better than other patterns and ͑2͒ determine how the energy of the system, when the target pattern is applied, compares with the energy of the system when no pattern is applied. After the target pattern is transferred to the surface and the surface pattern is designed, we adsorb a new copolymer film in a random configuration ͑with the same chain length and interaction potentials͒ onto the designed surface to test if the designed surface can transfer the pattern back through the adsorbed layers, inducing the target pattern at the desired distance from the surface.
A. Pattern transfer for different chain lengths
In Fig. 2 we plot the PTP as a function of distance z from the surface for chain length 12 when the pattern is applied at ͑a͒ zЈ =1, ͑b͒ zЈ = 2, and ͑c͒ zЈ = 3 for different pattern sizes ͑6 ϫ 6, 12ϫ 12, 24ϫ 24͒. When the target pattern is applied at zЈ = 1, the layer adjacent to the surface ͓Fig. 2͑a͔͒, the PTP͑z =0͒ is approximately 0.46 for all the pattern sizes indicating that the pattern sizes do not affect the extent of pattern transfer in this case. When the target pattern is applied at zЈ =2 ͓Fig. 2͑b͔͒, the PTP͑z =0͒ for the 6 ϫ 6 pattern is 0.24 while the PTPs͑z =0͒ for patterns 12ϫ 12 and 24ϫ 24 are 0.19 and 0.18, respectively, revealing that the 6 ϫ 6 pattern is transferred to the surface with higher fidelity than the 12ϫ 12 and 24ϫ 24 patterns. When the target pattern is applied at zЈ =3 ͓Fig. 2͑c͔͒ the PTPs͑z =0͒ indicate that the 6 ϫ 6 pattern ͑0.10͒ is transferred to the surface better than the 12ϫ 12 ͑0.04͒ and 24ϫ 24 ͑0.03͒ patterns. The differences in the PTP values for the various patterns are significant since the error bars for all the PTP values discussed in this paper were of the order of 0.001. The PTPs͑z =0͒ for all chain lengths and pattern sizes are also tabulated in Table I. For chain length 12, when the pattern is applied at zЈ = 1, the reason that all the patterns are transferred equally well to the surface has to do with the energy. Figure 3 shows the average difference ⌬UЈ between the equilibrium energy per segment, when a target pattern is applied and that when no target pattern is applied, keeping all of the parameters the same. The filled black circles in Fig. 3͑a͒ show that at zЈ = 1 the ⌬UЈ for the 6 ϫ 6 pattern ͑0.00396kT͒, the 12 ϫ 12 pattern ͑0.0072kT͒, and the 24ϫ 24 pattern ͑0.0094kT͒ are all less than 0.01kT. This means that when the target pattern is applied at zЈ = 1 regardless of the pattern size, the energy of the system is close to the case when no pattern is applied. In other words, we do not have to force the chains into unfavorable conformations when we apply a target pattern at zЈ = 1 for this chain length. When the pattern is applied at zЈ =2 or zЈ = 3, the 6 ϫ 6 pattern is transferred to the surface better than the 12ϫ 12 and 24ϫ 24 patterns. This is because the ⌬UЈ for the 6 ϫ 6 pattern is lower than the ⌬UЈ for the 12ϫ 12 and 24ϫ 24 patterns ͓Fig. 3͑a͔͒. This means that when the 12ϫ 12 and 24ϫ 24 patterns are applied at zЈ =2 or zЈ = 3, the chains are forced to be in unfavorable conformations and the energy is high relative to the case when no target pattern is applied. The chains try to resist these unfavorable conformations and the pattern transfer is reduced.
Thus in the case of chain length 12, for all zЈ considered, the 6 ϫ 6 pattern helps the chains of length 12 adsorb in favorable conformations and maintain the energy of the system close to the energy of the system when no pattern is applied. When the 12ϫ 12 and 24ϫ 24 patterns are applied we force the copolymer chains to adopt conformations that increase the energy; the chains resist those conformations and in turn reduce the pattern transfer.
For chain length 18, when the pattern is applied at zЈ =1 or zЈ = 2, the 12ϫ 12 and 24ϫ 24 patterns are transferred to the surface slightly better than the 6 ϫ 6 pattern ͑Table I͒. When the target pattern is applied at zЈ = 3, the 6 ϫ 6 and 12ϫ 12 patterns are transferred to the surface better than the 24ϫ 24 pattern ͑Table I͒. For zЈ = 1, the 12ϫ 12 and 24ϫ 24 patterns are transferred to the surface better than the 6 ϫ 6 pattern because the ⌬UЈ for the 12ϫ 12 pattern ͑0.018kT͒ and the 24ϫ 24 pattern ͑0.009kT͒ are lower than the ⌬UЈ for the 6 ϫ 6͑0.038kT͒ pattern ͓circles in Fig. 3͑b͔͒ . This means that the 12ϫ 12 and 24ϫ 24 patterns help the chains form conformations that bring the energy of the system close to the energy when no pattern is applied. Contour plots, such as the ones in Fig. 4 , help us to understand the conformations that the adsorbed chains adopt. As mentioned previously in Sec. II B, the conformations of the adsorbed chains are deduced from ␣, the fraction of chain length adsorbed, and ␤, the ratio of the number of adsorbed segments on top of type 1 sites to the total number of adsorbed seg- Table II which shows the conformations of the adsorbed chains for all the chain lengths and all pattern sizes applied at zЈ =1, zЈ = 2, and zЈ = 3, and when no pattern is applied. For chain length 18 and zЈ = 1, the comparison of the adsorbed chains conformations with those when no pattern is applied can tell us why the 12ϫ 12 and 24ϫ 24 patterns get transferred to the surface better than the 6 ϫ 6 pattern. When no pattern is applied for chain length 18 the chains adsorb in conformations similar to the case when the 6 ϫ 6 and 12ϫ 12 patterns are applied at zЈ =1 ͑Table II͒. However, for the 6 ϫ 6 pattern and zЈ =1, ⌬UЈ is not low even though the conformations are similar to those when no pattern is applied ͓Fig. 3͑b͔͒. On the other hand for the 24ϫ 24 pattern and zЈ =1, ⌬UЈ is very low, although the conformations are different from those when no pattern is applied. Thus it is clear that there can be many conformations of the adsorbed chains leading to a UЈ close to the UЈ when no pattern is applied. For zЈ = 2, the 12ϫ 12 and 24ϫ 24 patterns are transferred to the surface better than the 6 ϫ 6 pattern because the ⌬UЈ for the 12ϫ 12͑0.020kT͒ and 24ϫ 24͑0.015kT͒ patterns are lower than the ⌬UЈ for the 6 ϫ 6͑0.043kT͒ pattern ͓squares in Fig. 3͑b͔͒ . The conformations of the adsorbed chains when no pattern is applied for chain length 18 is similar to the case when the 6 ϫ 6 pattern is applied at zЈ =2 ͑Table II͒, but the ⌬UЈ is not low for the 6 ϫ 6 pattern. As was the case for zЈ = 1, the conformations of the adsorbed chains for the pattern that has the lowest value of ⌬UЈ are not similar to the conformations of the adsorbed chains when no pattern is Fig. 3͑b͔͒ . The conformations of the adsorbed chains of chain length 18 when no pattern is applied ͑Table II͒ are similar to the cases when the 6 ϫ 6 and 12ϫ 12 patterns are applied at zЈ =3 ͑Table II͒, and the ⌬UЈ for the 6 ϫ 6 and 12ϫ 12 patterns are the lowest. Thus the conformations of the adsorbed chains for the pattern that has the lowest ⌬UЈ are similar to the conformations of the adsorbed chains when no pattern is applied. However, since the same trend was not observed for zЈ = 1 and zЈ =2 cases we cannot conclusively relate the ⌬UЈ and the conformations. Thus in the case of chain length 18, the patterns that have low ⌬UЈ get transferred to the surface better. In order to achieve a low ⌬UЈ the conformations of the adsorbed chains do not necessarily have to match the case when no pattern is applied.
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For the longest chains ͑chain length 24͒ when the target pattern is applied at zЈ = 1, the 12ϫ 12 and 24ϫ 24 patterns are transferred to the surface better than the 6 ϫ 6 pattern ͑Table I͒. For zЈ =2 or zЈ = 3, the 24ϫ 24 pattern is transferred to the surface better than the 6 ϫ 6 and 12ϫ 12 patterns ͑Table I͒. Analysis of the data in Tables I and II and Fig . 3͑c͒ similar to those described above for the chain lengths 12 and 18 cases reveals the following trends. For chain length 24, when the 12ϫ 12 pattern is applied at zЈ = 2 and zЈ = 3 and when the 6 ϫ 6 pattern is applied at zЈ = 1 the chains adsorb in conformations similar to the no-pattern case. However, for all three cases, zЈ =1, zЈ = 2, and zЈ = 3, the 24ϫ 24 pattern has the energy closest to the energy when no pattern is applied. Thus we can conclude that even if the conformations are not similar to the no-pattern case, the energy of the system can be maintained close to the energy when no pattern is imposed.
B. Pattern transfer for different pattern sizes
When the 6 ϫ 6 pattern is applied at zЈ = 1, the PTPs͑z =0͒ are almost equal for all chain lengths ͑Table I͒, implying that the 6 ϫ 6 pattern is transferred well, regardless of the chain length. When the 6 ϫ 6 pattern is applied at zЈ = 2 and zЈ = 3, the pattern transfer to the surface improves as chain length increases. This is because longer chains have a higher fraction of adsorbing chains forming loop and brush conformations than the shorter chains ͑Table II͒. When the adsorbing chains form loops, a part of the chain extends to z Ͼ 1 layers and thus bridges the pattern between the different layers. In order to transfer the pattern well between the layers we need to maintain a connectivity between the different layers. Therefore the systems with chains of length 24, which have a higher fraction of chains adsorbing in loop and brush conformations, transfer the patterns to the surface better than the systems with chain lengths 12 and 18.
When the 12ϫ 12 pattern is applied at zЈ =1, zЈ =2, or zЈ = 3, the values of the the PTPs͑z =0͒ in Table I reveal that the 12ϫ 12 pattern gets transferred to the surface best for chain length 24. When the 24ϫ 24 pattern is applied at zЈ = 1, the PTP͑z =0͒ is higher for chain lengths 24 and 18 than for chain length 12 ͑Table I͒. For zЈ = 2 and zЈ = 3, the PTP͑z =0͒ is again highest for chain length 24 ͑Table I͒, implying that the pattern transfer to the surface is best for longer chain lengths. The reason why chain length 24 has the best pattern transfer is the same as discussed for the 6 ϫ 6 pattern.
C. Copolymer bulk adsorbed on the designed surfaces
So far, we have picked a target pattern, biased the adsorbed copolymer film to adopt that target pattern at a desired distance from the surface, let the pattern be transferred through the adsorbed layers to the surface, and designed the surface in response to the target pattern. The next question to be asked is the following: If a bulk of copolymers in a random configuration is placed on the designed surface, can the designed surface induce the target pattern in the adsorbing layers? Answering this question will also reveal if we can determine beforehand what pattern must be present on the surface to induce adsorbing copolymer layers to attain a target pattern at a certain distance from the surface.
In order to answer the question posed above, we allow the designed surfaces obtained in each of the cases discussed in Sec. III B to adsorb AB diblock copolymer bulk initially in random configurations. We term this "the test stage." Our purpose here is to test if the designed surfaces can induce the target pattern that was used originally to form the surface pattern. Figure 5 shows how the AB copolymer chains of length 12 respond to the surfaces designed for an AB copoly- mer film of chain length 12 when the 6 ϫ 6 target pattern has been applied at ͑a͒ zЈ =1, ͑b͒ zЈ = 2, and ͑c͒ zЈ = 3. The designed surface patterns at z = 0 are also shown. The data in Fig. 5 indicate that the 6 ϫ 6 target pattern was not induced at any distance from the surface. Similarly, for all chain lengths the designed surfaces for the other patterns, 12ϫ 12 and 24ϫ 24, did not induce any of the target patterns in the copolymer bulk ͑not shown here for brevity͒. This is because the patterns applied in the Secs. III A and III B allow the copolymer chains to have conformations that are not necessarily similar to the conformations when no pattern is applied. When we bias the copolymer bulk to attain a target pattern at a certain distance from the surface, we force the chains to adopt conformations that will help fit the target pattern, which does not correspond to their natural conformation. When there is no bias and the copolymer chains adsorb on the designed surface, they are free to have conformations close to their natural conformations and therefore do not form the target pattern we wanted them to attain.
To ensure that the results above were not an artifact resulting from the low value of weighting factor T ⌫ / T͑=0.001͒ used in Eq. ͑2͒ to weight the energy minimization term versus the target function fitting term, we run all the above simulations for all chain lengths and all pattern sizes at two other values of the weighting factor: 0.0001 and 0.000 01. When T ⌫ / T = 0.001, the weighting factor used in the results shown so far, the target function fitting term is weighted 1 / 10 the energy minimization term in the acceptance criterion. When T ⌫ / T = 0.0001 and T ⌫ / T = 0.00001 the target function fitting term is weighted equal to and ten times the energy minimization term, respectively, in the acceptance criterion. Figures 6 and 7 show how the AB copolymer chains of length 12 respond to the surfaces designed for an AB copolymer film of chain length 12 when the 6 ϫ 6 target pattern has been applied at ͑a͒ zЈ =1, ͑b͒ zЈ = 2, and ͑c͒ zЈ = 3 using values of weighting factors T ⌫ / T = 0.0001 and T ⌫ / T = 0.00001. In both cases we see that the target pattern is not induced in the copolymer bulk. This implies that irrespective of the weighting factor while designing the surface pattern, we do not induce the target pattern in the bulk.
In order to compare the system at the test stage to the system during the design, we show the designed surfaces ͑z =0͒ and the patterns observed in the bulk at z = 1, 2, and 3 during the design stage when the 6 ϫ 6 pattern is applied in a bulk of diblock copolymers of chain length 12 at ͑a͒ zЈ =1, ͑b͒ zЈ = 2, and ͑c͒ zЈ = 3 with T ⌫ / T = 0.000 01 in Fig. 8 . The pattern obtained in the z = 1 layer of the bulk during the surface design when a pattern is applied at zЈ =1 ͑Fig. 8͒ is not the same as the pattern obtained in the z = 1 layer of the bulk during the test stage ͑case zЈ = 1 in Fig. 7͒ .
In Table III we tabulate the average equilibrium ⌬UЈ for the chains in the system: ͑1͒ during surface design, i.e., when the target pattern is applied at zЈ and the surface reorganizes itself in response to the target pattern, and ͑2͒ in the test stage, i.e., after the new copolymer bulk has been adsorbed and equilibrated on the designed surface. The data in part ͑1͒ of Table III are the same as the data plotted in Fig. 3, i. e., during surface design when the target pattern is applied at zЈ with T ⌫ / T = 0.001. In part ͑2͒ of Table III, ues in part ͑1͒ are shown in bold. These cases ͑shown in bold͒ during the test stage have energy closer to the energy of the natural conformations than the corresponding cases during the suface design. This reveals that for most cases when we do not force a target pattern on the adsorbed layers and adsorb the copolymer chains on the designed surface ͑test stage͒, the system prefers to attain an energy that is close to that of their natural conformations and therefore do not induce the target pattern in the adsorbed layers.
IV. SUMMARY
We performed lattice Monte Carlo simulations to study how symmetric diblock copolymers transfer a pattern through the adsorbed layers to the surface. We applied a target pattern in the copolymer film at a certain height above the surface, performed chain moves to maintain the target pattern, and allowed the surface to rearrange itself in response to the target pattern. The attractive interactions between the copolymer segments and surface ͑⑀ A1 and ⑀ B2 ͒ and the attractive interactions between the like segments of the copolymer ͑⑀ AA and ⑀ BB ͒ enabled the surface to rearrange, forming a pattern similar to the target pattern. We varied the chain length, pattern size, and the height above the surface ͑zЈ͒ where the pattern was applied to study their effect on pattern transfer.
For constant chain length, the pattern that brings the energy of the system close to the energy when no pattern is applied is transferred to the surface the best. For the pattern that is transferred the best, the conformations of the adsorbed chains are not necessarily the same as when no pattern is applied. This shows that there can be many conformations that can bring the energy of the system close to that when no pattern is applied. For constant pattern size, increasing the chain length results in an increase in the extent of pattern transfer to the surface. This is because longer chains are able to adsorb in the form of brushes and loops that help transfer the pattern between adsorbed layers down to the surface.
After designing the surfaces, we tested if the surfaces could induce the target pattern back into the adsorbed layers of a new copolymer bulk in a random configuration. We found that for all the cases the surface pattern was not induced back into the adsorbed layers. This is because the target pattern we applied in the bulk when designing the surfaces did not let the chains attain energy close to that of their natural conformations. 8 . The designed surfaces ͑z =0͒ and the patterns observed in the bulk at z = 1, 2, and 3 during the design stage when the 6 ϫ 6 pattern is applied in a bulk of diblock copolymers of chain length 12 at ͑a͒ zЈ =1, ͑b͒ zЈ = 2, and ͑c͒ zЈ = 3 with T ⌫ / T = 0.00001.
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